Abstract. To estimate the peculiar velocity of the Sun with respect to the Local Standard of Rest (LSR), we use young objects in the Solar neighborhood with distance measurement errors within 10%-15%. These objects include the nearest Hipparcos O-B2.5 type stars, masers with VLBI trigonometric parallaxes, and two samples consisting of the youngest and middle-aged Cepheids. The most significant component of motion of all these stars is induced by the spiral density wave. An analysis of all these samples, taking into account differential Galactic rotation and the effect of the spiral density wave, yields the following components of the vector of the peculiar velocity of the Sun with respect to the LSR: (U ⊙ , V ⊙ , W ⊙ ) LSR = (6.0, 10.6, 6.5) ± (0.5, 0.8, 0.3) km s −1 . We found the Solar velocity components (U ⊙ ) LSR and (V ⊙ ) LSR to be highly sensitive to the Solar radial phase χ ⊙ in the spiral density wave.
INTRODUCTION
The peculiar velocity of the Sun with respect to the LSR, (U ⊙ , V ⊙ , W ⊙ ) LSR , plays an important part in the analysis of the kinematics of stars in the Galaxy. To properly analyze Galactic orbits, this motion should be subtracted from the observed stellar velocities, because it characterizes only the Solar orbit -namely, its deviation from the purely circular motion. In particular, to construct the Galactic orbit of the Sun, it is desirable to know the components (U ⊙ , V ⊙ , W ⊙ ) LSR .
There are several ways to determine the peculiar velocity of the Sun with respect to the LSR. One of them is based on using the Strömberg relation. The method consists in finding the (U ⊙ , V ⊙ , W ⊙ ) LSR values corresponding to zero stellar velocity dispersions (Dehnen & Binney 1998; Bobylev & Bajkova 2007; Coçkunoglu et al. 2011; Golubov et al. 2013 ). This method was used, for example, by Schönrich et al. (2010) , who took into account the metallicity gradient of Galactic disk stars and found (U ⊙ , V ⊙ , W ⊙ ) LSR = (11.1, 12.2, 7.3)±(0.7, 0.5, 0.4) km s −1 . Another method consists in searching for such (U ⊙ , V ⊙ , W ⊙ ) LSR that minimize stellar eccentricities. Francis & Anderson (2009) used this approach to derive the velocity (U ⊙ , V ⊙ , W ⊙ ) LSR = (7.5, 13.5, 6.8) ± (1.0, 0.3, 0.1) km s −1 based on the data for 20000 local stars with known line-of-site velocities. Later on, the same authors used the improved database of proper motions and line-of-site velocities of Hipparcos stars and found the following new values: (U ⊙ , V ⊙ , W ⊙ ) LSR = (14.2, 14.5, 7.1) ± (1.0, 1.0, 0.1) km s −1 (Francis & Anderson 2012) ; great care was taken to avoid the effect of the inhomogeneity of the distribution of stellar velocities due to the kinematics of stellar groups and streams.
Yet another method is based on transferring stellar velocities towards the birth places. Koval' et al. (2009) used this approach to derive the following values for the LSR velocity components: (U ⊙ , V ⊙ , W ⊙ ) LSR = (5.1, 7.9, 7.7) ± (0.4, 0.5, 0.2) km s −1 . Experience in using the Strömberg relation showed that the youngest stars significantly deviate from the linear dependence used to derive (V ⊙ ) LSR . This occurs for velocity dispersions σ < 17 km s −1 (Dehnen & Binney 1998) . For this reason the youngest stars are not normally used in this method. Cepheids and other youngest objects fall into this category, what allows us to include them in our analysis. This behavior of velocities of the youngest stars is primarily due to the effect of the Galactic spiral density wave (Lin & Shu 1964) . For instance, an analysis of the kinematics of 185 Galactic Cepheids by Bobylev & Bajkova (2012) demonstrated that perturbation velocities caused by the spiral density wave could be determined with high confidence.
The purpose of this paper is to estimate the velocity (U ⊙ , V ⊙ , W ⊙ ) LSR using spatial velocities of the youngest objects in the Solar neighborhood that have parallax errors not greater than 10%-15%. For these stars, we take into account not only the effect of the differential rotation of the Galaxy, but also that of the spiral density wave.
METHOD
Assuming that the angular rotation velocity of the Galaxy (Ω) depends only on the distance R from the axis of rotation, Ω = Ω(R), the apparent velocity V(r) of a star at heliocentric radius r can be described by the following vector formula:
where
is the mean velocity of the stellar sample due to the peculiar Solar motion with respect to the LSR (hence its negative sign), with the component U directed towards the Galactic center, V in the direction of Galactic rotation, and W towards the north Galactic pole; R 0 is the Galactocentric distance of the Sun; R is the distance of an object from the Galactic rotation axis; V θ (R) is the circular velocity of the star with respect to the center of the Galaxy; V θ (R 0 ) is the circular velocity of the Sun, and V ′ are residual stellar velocities. From the above relation (1) one can derive three equations for components (V r , V l , V b ), the so-called Bottlinger's equations (Eq. 6.27 in Trumpler & Weaver 1953) :
These are exact formulas, and the signs of Ω follow Galactic rotation. After expanding Ω into a Taylor series in powers of the small parameter R − R 0 , then expanding the difference R−R 0 , where the distance R is defined by R 2 = r 2 cos 2 b− 2R 0 r cos b cos l + R 2 0 , and then substituting the result into Eq. (2), one gets the equations of the Oort-Lindblad model (Eq. 6.34 in Trumpler & Weaver 1953) .
Our approach departs from the above in that the distances r are known quite well. In this case, there is no need to expand R − R 0 into series, since the distance R from the Galactic rotation axis is calculated using heliocentric distances r. Furthermore, our approach implies an extra assumption that the observed stellar velocities include perturbations V sp (V R , ∆V θ ) due to the spiral density wave with a linear dependence on both V sp and V ⊙ . This allows us to write:
Perturbations from the spiral density wave have a direct effect on the inferred peculiar Solar velocity V ⊙ LSR . Relation (1) then acquires the following form:
which, considering the expansion of the angular velocity of Galactic rotation Ω into a series up to the second order in r/R 0 , becomes
Here, the following designations are used: V r is the line-of-sight velocity; V l = 4.74rµ l cos b and V b = 4.74rµ b are the proper motion velocity components in the l and b directions, respectively, where 4.74 is the ratio of the number of kilometers in an astronomical unit to the number of seconds in a tropical year; the star's proper motion components µ l cos b and µ b are in mas yr −1 , and the line-of-sight velocity V r is in km s −1 ; Ω 0 is the angular velocity at the distance R 0 from the Galaxy's rotation axis; parameters Ω ′ 0 and Ω ′′ 0 are the first and second derivatives of the angular velocity, respectively. To account for the influence of the spiral density wave, we used the simplest kinematic model based on the linear density wave theory by Lin & Shu (1964) , where the potential perturbation has the form of a traveling wave. In this case
where f R and f θ are the amplitudes of the radial and azimuthal velocity perturbations directed toward the Galactic center and along the Galactic rotation, respectively. The radial phase of the wave χ is
where i is the spiral pitch angle (i < 0 for winding spirals); m is the number of arms (we adopt m = 2 in this paper); θ is the star's position angle measured in the direction of Galactic rotation: tan θ = y/(R 0 − x), where x and y are the Galactic heliocentric rectangular coordinates of the object; χ ⊙ is the radial phase of the Sun in the spiral density wave, we measure this angle from the center of the CarinaSagittarius spiral arm (R ≈ 7 kpc). The parameter λ, which is equal to the distance along the Galactocentric radial direction between adjacent segments of the spiral arms in the Solar neighborhood (the wavelength of the spiral density wave), can be calculated from the formula 2πR 0 /λ = m cot(i). We adopt R 0 = 8.0 ± 0.4 kpc in accordance with the analysis of the most recent determinations of this quantity in the review by Foster & Cooper (2010) .
In this paper, we assume that the parameters of both the differential Galactic rotation and the spiral density wave are known from observations of distant stars and are determined by solving equations of the form (4)-(6). In this case, the right-hand parts of the equations contain only components of the Solar peculiar velocity:
The set of equations (9)- (11) can be solved by least-squares adjustment with respect to three unknowns, U ⊙ , V ⊙ , and W ⊙ . Another approach (which we follow) is to calculate the components U, V, W of stellar space velocities:
are left-hand parts of Eqs. (9)-(11), which are equal to the observed stellar velocities with the effects of both the Galactic rotation and the spiral density wave subtracted. Then,
3. DATA
O-B2.5 type stars
We described the sample of selected 200 massive (>10M ⊙ ) O-B2.5 type stars in detail in our previous paper (Bobylev & Bajkova 2013a) . It contains O-type spectroscopic binaries with bona fide kinematic characteristics, located within 3 kpc from the Sun. In addition, the sample contains 124 B0-B2.5 type Hipparcos stars (van Leeuwen 2007) with fractional parallax errors not greater than 10% and with line-of-sight velocities available in the catalog by Gontcharov (2006) .
The aim of this study is to determine the peculiar velocity of the Sun. The most reliable results can be obtained using the nearest stars to the Sun. We therefore selected from our initial 200-object list 161 stars located within 0.7 kpc from the Sun.
For the reduction of motion of these stars we used the parameters of the Galactic rotation and spiral density wave determined in our earlier paper (Bobylev & Bajkova 2013a) , based on the full sample of 200 stars, because the corresponding parameters cannot be determined without the data for distant objects:
• . Throughout this paper, we use the same value of the wavelength, λ = 2.6 ± 0.2 kpc (i = −6.0 ± 0.4
• for m = 2), for all samples cosidered.
Masers
We use the coordinates and trigonometric parallaxes of masers measured via VLBI observations. For our kinematic analysis we select only masers with fractional parallax errors of less than 10%. These masers are associated with very young objects (mostly massive protostars, some low-mass objects, and a number of massive supergiants) located in active star-forming regions.
Precise VLBI maser parallaxes are measured within the framework of several projects. One of such observational campaigns is the Japanese VERA project (VLBI Exploration of Radio Astrometry) aimed at observations of Galactic water (H 2 O) masers at 22 GHz (Hirota et al. 2007) and SiO masers (which occur very rarely among young objects) at 43 GHz (Kim et al. 2008) . Water and methanol (CH 3 OH) maser parallaxes are measured in the USA (VLBA) at 22 GHz and 12 GHz (Reid et al. 2009 ). Methanol masers are also observed by the European VLBI network (Rygl et al. 2010 ). Both of these latter projects are part of the BeSSeL survey (Brunthaler et al. 2011) . VLBI continuum observations of radio stars at 8.4 GHz (Dzib et al. 2011) are carried out for the same purpose.
In this study we use only data for the nearby maser sources located within 1.5 kpc from the Sun. All the necessary information about 30 such masers is available in the paper by Xu et al. (2013) , which is dedicated to the study of the Local arm (the Orion arm).
In our reduction algorithm we use the following parameters of the Galactic rotation and the spiral density wave, determined by Bobylev & Bajkova (2013b) :
In this case, Fourier analysis yields different estimates of the phase of the Sun in the spiral wave when applied to radial and tangential perturbations: (χ ⊙ ) R = −160
• ± 15
• , respectively. Note that published line-of-site velocities of masers usually refer to the standard apex of the Sun and we therefore convert them to heliocentric velocities.
Cepheids
We use the data for classical Cepheids with proper motions mainly from the Hipparcos catalog and with published line-of-sight velocities adopted mostly from Mishurov et al. (1997) , Gontcharov (2006) , and the SIMBAD database. For several long-period Cepheids we use the proper motions from the TRC (Høg et al. 1998) and UCAC4 (Zacharias et al. 2013) catalogs. To calculate the Cepheid distances, we use the period-luminosity relation calibrated by Fouqué et al. (2007) , ⟨M V ⟩ = −1.275 − 2.678 log P, where the period P is in days. Given ⟨M V ⟩, intensity-mean magnitudes ⟨V ⟩, and extinction A V = 3.23 E(⟨B⟩ − ⟨V ⟩) adopted mainly from Acharova et al. (2012) and, for several stars, from Feast & Whitelock (1997) , we compute the distance r from the formula
We assume that the fractional error of Cepheid distances determined by this method is 10%. We subdivided the entire sample into two parts according to the value of pulsation period, which is a good indicator of the mean Cepheid age (t). We use the calibration of Efremov (2003), log t = 8.50 − 0.65 log P, derived by analyzing Cepheids in the Large Magellanic Cloud. The parameters of Galactic rotation and spiral density wave depend on the age of the Cepheids used. These effects should therefore be addressed individually for each age-defined Cepheid sample. We use the parameters determined by Bobylev & Bajkova (2012) for three age groups. The average ages are 55, 95, and 135 Myr for the youngest Cepheids with periods of P ≥ 9 d, middle-aged Cepheids with periods of 5 d ≤ P < 9 d, and the oldest Cepheids with periods of P < 5 d, respectively. We do not use the sample of old Cepheids in this study because only few such stars are located in the Solar neighborhood and hence their kinematic parameters cannot be determined with adequate accuracy. According to Bobylev & Bajkova (2012) , the rotation-curve and density-wave parameters for the youngest Cepheids with periods of P ≥ 9 d are equal to Ω 0 = 26.1 ± 0.9 km s
• , and the amplitude of velocity perturbations in the tangential direction, f θ , is assumed to be zero. O-B2.5 stars 10.0 ± 1.0 14.7 ± 1.3 7.2 ± 0.7 161 < 0.7 Masers 11.9 ± 2.7 16.2 ± 3.4 6.2 ± 1.7 26 < 1.5 Cepheids, P ≥ 9 d 6.5 ± 2.3 12.0 ± 2.4 6.1 ± 2.5 36 < 2 Cepheids, 5 d ≤ P < 9 d 7.3 ± 2.1 11.1 ± 2.0 6.4 ± 1.8 74 < 2 Table 2 . Components of the peculiar velocity of the Sun with respect to the LSR, calculated taking into account both the differential Galactic rotation and the perturbations due to the spiral density wave.
O-B2.5 stars 4.6 ± 0.7 8.6 ± 0.9 7.2 ± 0.7 161 < 0.7 Masers 6.0 ± 1.6 11.4 ± 2.5 6.2 ± 1.7 26 < 1.5 Cepheids, P ≥ 9 d 6.8 ± 2.3 12.1 ± 2.4 6.1 ± 2.5 36 < 2 Cepheids, 5 d ≤ P < 9 d 6.7 ± 2.1 10.4 ± 1.9 6.4 ± 1.8 74 < 2 Average 6.0 ± 0.5 10.6 ± 0.8 6.5 ± 0.3 
RESULT AND DISCUSSION

Results obtained with fixed R 0
Here we describe the results obtained with fixed R 0 = 8 kpc, adopting the parameters of differential Galactic rotation and the spiral density wave, calculated earlier independently for each stellar sample.
In Fig. 1 , radial (V R ) and tangential (∆V θ ) velocities of the density-wave induced perturbations are plotted vs. Galactocentric distance R. These velocities are calculated by formulas (7) and (8), setting θ = 0
• and adopting the perturbation amplitudes f R and f θ given in the data description (Section 3). As is evident from this figure, at R = R 0 the perturbations amount to about 5 km s −1 in the radial direction. Two samples -the youngest O-B2 type stars and masers -yield the tangential perturbations of such a magnitude. In the case of young Cepheids, the perturbations in the tangential direction are not significant. In the case of middle-aged Cepheids, the perturbations in the tangential direction at R = R 0 are close to zero. Note that for determining the (U ⊙ , V ⊙ , W ⊙ ) LSR velocity it is essential that the sample be located within a very small Solar neighborhood (R → R 0 ). Table 1 lists the components of the peculiar velocity of the Sun with respect to the LSR (U ⊙ , V ⊙ , W ⊙ ) LSR , computed taking into account only the effect of differential Galactic rotation. Table 2 lists the components of the same vector computed taking into account both the effect of differential Galactic rotation and that of the spiral density wave.
As is evident from Tables 1 and 2 , the allowance for the spiral-density-wave induced perturbations influences significantly the inferred values of ∆U ⊙ and ∆V ⊙ for O-B2.5 stars and masers -the effect is equal to ≈ 6 km s −1 -and results in reduced errors of the velocity components (U ⊙ , V ⊙ , W ⊙ ) LSR , especially for masers.
The value of the velocity component (V ⊙ ) LSR (Table 1) inferred from the data for 28 masers by Bobylev & Bajkova (2010) with the allowance for spiral density wave effects. The average value of the velocity component (V ⊙ ) LSR (Table 2) agrees well with the result by Schönrich et al. (2010) . Our value for the (U ⊙ ) LSR component is, however, inconsistent with the result of Schönrich et al. (2010) and especially with that of Francis & Anderson (2012) .
Note that the revised Strömberg relation applied to the experimental RAVE data yields a totally different value of the velocity component (V ⊙ ) LSR , ≈ 3 km s −1 (Golubov et al. 2013) . A different approach to the analysis of RAVE data adopted by Pasetto et al. (2012) −0.090 ) km s −1 . Different methods thus yield different results and so far no consensus has been reached concerning the velocity (U ⊙ , V ⊙ , W ⊙ ) LSR . We consider our estimates to be the most reliable, because they are based on the youngest stars that have small velocity dispersion and small Galactic orbit eccentricities.
Errors of Galactic rotation parameters
Here we describe the results obtained for three particular values of the Solar Galactocentric distance, R 0 = 7.5, 8.0, and 8.5 kpc, using the corresponding parameters of differential Galactic rotation. That is, we now use the same Galactic rotation curve to analyze each of the stellar samples. We set the amplitudes f R and f θ of spiral-density-wave induced velocity perturbations and the Solar phase χ ⊙ in the spiral wave as described in Section 4.1 above.
For this purpose, we used a sample of masers (55 masers, σ π /π < 10%, r < 3.5 kpc) from Bobylev & Bajkova (2013b) and found the following parameters of the Galactic rotation curve for the three fixed values of R 0 :
Ω 0 = 29.9 ± 1.1 km s
Parameters (15) are those used previously for the maser sample in Section 4.1. The parameters inferred using three rotation curves (14)- (16) do not differ considerably from the previous results (Table 2) . Table 3 . Components of the peculiar velocity of the Sun with respect to the LSR, calculated taking into account the effects of both the differential Galactic rotation and the spiral density wave for different values of χ⊙.
O-B2.5 stars 6.3 ± 0.5 8.0 ± 0.6 4.8 ± 0.5 8.6 ± 0.5 3.5 ± 0.5 9.3 ± 0.3
Errors of the spiral wave parameters
Here we describe the results obtained for our sample of O-B2.5 stars (161 stars, r < 0.7 kpc) adopting Galactic rotation curve parameters (15) and several model values of the Solar phase χ ⊙ in the spiral density wave. The results are summarized in Table 3 , from which it is evident that the Solar velocity components U ⊙ and V ⊙ are very sensitive to the above parameter (W ⊙ velocities are not listed in the table, because they are practically unaffected by the density wave).
These results are easy to understand by analyzing the corresponding panel of Fig. 1 and Table 3 . For instance, for χ ⊙ = −130
• , the radial perturbation curve (V R ) is near its maximum and hence the effect on the U ⊙ component is most pronounced (U ⊙ = 3.5 ± 0.5 km s −1 ). By contrast, the tangential perturbation curve (∆V θ ) is close to zero and, therefore, there is no effect on the V ⊙ component (V ⊙ = 12.5 ± 0.5 km s −1 ). For χ ⊙ = −80 • , the radial perturbation curve (V R ) is near zero, and there is no effect on the U ⊙ component, U ⊙ = 11.4 ± 0.5 km s −1 . The tangential perturbation curve (∆V θ ) is near its minimum and, therefore, there is no significant effect on the V ⊙ component, V ⊙ = 7.6 ± 0.6 km s −1 . Note that in our previous paper (Bobylev & Bajkova 2013a) we did not take into account the uncertainty in R 0 when determining the Solar phase in the spiral density wave χ ⊙ = −120 ± 4
• . We repeated Monte Carlo simulation and obtained the following results:
1. The error σ R0 = 0.4 kpc alone contributes negligibly to the uncertainty of the Solar phase in the spiral density:
The point is that a change in R 0 "stretches" the wave like a rubber band, leaving the phase of the Sun in the spiral wave practically unaffected.
2. With the errors in all observed parameters of stars -parallaxes, proper motions, line-of-site velocities -along with the uncertainty σ R0 taken into account, the Solar phase in the spiral density wave becomes χ ⊙ = −120 ± 6 • .
The data in Table 3 leads us to conclude that with the values of Solar phase in the range from −110
• to −130 • (which is even broader than the 1σ confidence level), the values of the Solar velocity components inferred from the data for O-B2.5 type stars lie in the U ⊙ = 6 − 4 km s −1 and V ⊙ = 8 − 9 km s −1 intervals, respectively.
CONCLUSIONS
To estimate the peculiar velocity of the Sun with respect to the Local Standard of Rest, we used young objects in the Solar neighborhood with distance errors not greater than 10%-15%. These include the nearest Hipparcos stars of spectral types O-B2.5, masers with VLBI trigonometric parallaxes, and two samples consisting of the youngest and middle-aged Cepheids. The entire sample consists of 297 stars. A significant fraction of the motion of these stars is due to the Galactic spiral density wave with the amplitudes of perturbations in radial (f R ) and tangential (f θ ) directions amounting to ≈ 10 km s −1 . We took into account the effect of differential Galactic rotation and Galactic spiral density wave for each sample. We show that for the youngest objects, namely, O-B2.5 type stars and masers, the allowance for the spiral-density-wave induced perturbations has a significant effect on the inferred values of components of the peculiar velocity of the Sun with respect to the LSR, ∆U ⊙ and ∆V ⊙ , which change by ≈ 6 km s −1 . The corresponding velocity components for the Cepheid samples are less sensitive to density-wave induced perturbations.
The average components of the peculiar velocity of the Sun with respect to the LSR, based on the analysis of four samples of stars, are equal to (U ⊙ , V ⊙ , W ⊙ ) LSR = (6.0, 10.6, 6.5) ± (0.5, 0.8, 0.3) km s −1 . We found the Solar velocity components to be quite insensitive to errors in R 0 over a broad range of its values, from R 0 = 7.5 kpc to R 0 = 8.5 kpc, in contrast to the Galactic rotation curve parameters, which depend appreciably on the adopted R 0 . At the same time, the Solar velocity components are very sensitive to the Solar phase χ ⊙ in the spiral density wave.
